We report the results of the Swift and XMM-Newton observations of the Swift-discovered long Gamma-Ray Burst GRB 060729 (T 90 =115s). The afterglow of this burst was exceptionally bright in X-rays as well as at UV/Optical wavelengths showing an unusually long slow decay phase (α=0.14±0.02) suggesting a larger energy injection phase at early times than in other bursts. The X-ray light curve displays a break at about 60 ks after the burst. The X-ray decay slope after the break is α=1.29±0.03. Up to 125 days after the burst we do not detect a jet break, suggesting that the jet opening angle is larger than 28
Introduction
Gamma-Ray Bursts (GRBs) are the most powerful explosions in the present-day Universe. With the launch of the Swift Gamma-Ray Burst Explorer Mission (Gehrels et al. 2004) in November 2004 a new era in GRB science has started. Swift is able to observe the afterglow of a burst with its narrow-field instruments, the X-ray Telescope (XRT, Burrows et al. 2005a ) and the UV/Optical telescope (UVOT; Roming et al. 2005) , typically within 2 minutes after the detection by the Burst Alert Telescope (BAT, Barthelmy et al. 2005) . Several phenomena were discovered by Swift, like the occurrence of giant flares during the first 1000 s after the burst (e.g. Burrows et al. 2005b; Falcone et al. 2006) or the canonical light curves of GRB afterglows Zhang et al. 2006) . GRB 060729 was discovered by Swift on 2006 July 29 as one of the brightest bursts ever detected in X-rays by Swift (With the brightest GRB in XRT so far being GRB 061121; Page et al. 2007 ). Besides GRB 050525A (Blustin et al. 2005) , GRB 060218 , GRB 060614 (Mangano et al. in preparation) , and GRB 061121 (Page et al. 2007 ), GRB 060729 is the burst with the best UVOT follow up even up to 9 days after the burst in all 6 UVOT filters and even longer in some of the UV filters. In the XRT the afterglow has been detected by more than 125 days after the burst. This is the longest follow-up observation with a detection of an afterglow ever performed by Swift. Similar coverage, but shorter, has only been performed for GRBs 050416A, 060319, and 060614. Even though the burst was bright in the BAT, it was too faint to be detected by Konus-Wind (Frederiks, priv. comm.) . Even though the sun angle was small in RA (2.2 h), due to the declination of Dec=-62
• the afterglow was circumpolar for most southern observatories, and was observed by the ESO VLT using FORS2 and by Gemini South using GMOS (Thoene et al. 2006) . A redshift of z=0.54 was determined from the optical spectra by Thoene et al. (2006) . GRB 060729 was also observed by ROTSE IIIa, located at the Siding Spring Observatory, Australia, by , who reported an initial upper limit of 16.6 mag 64 s after the BAT trigger. They were able to detect the afterglow with ROTSE IIIa up to 175 ks after the burst when it was still at 19.4 mag (Quimby & Rykoff 2006) , decaying with a slope α=0.23. Cobb & Bailyn (2006) measured a decay slope in the I band of α I =1.5 based on CTIO 1.3m SMARTS observations between 4.6 to 17.6 days after the burst.
The paper is organized as follows: In §2 we describe the observations and the data reduction. In §3 we present the data analysis. The discussion of our results is given in §4. Throughout the paper decay and energy spectral indices α and β are defined by F ν (t, ν) ∝ (t − t 0 ) −α ν −β , with t 0 the trigger time of the burst. Luminosities are calculated assuming a ΛCDM cosmology with Ω M =0.27, Ω Λ =0.73 and a Hubble constant of H 0 =71 km s −1 Mpc −1 using the luminosity distances D L given by Hogg (1999) resulting in D L =3120 Mpc. All errors are 1σ unless stated otherwise.
Observations and data reduction
The Swift BAT triggered on the pre-cursor of GRB 060729 at 19:12:29 UT on 2006 July 29 ). Swift's X-ray Telescope began observing the afterglow 124 s after the trigger. The UVOT started the observations 135 s after the BAT trigger.
The Swift XRT observed GRB 060729 in the Windowed Timing (WT) and Photon Counting (PC) observing modes (Hill et al. 2004 ). The XRT data were reduced by the xrtpipeline task version 0.10.4. The WT mode data at the beginning of the XRT observation had to be treated with special care. During the first 20s after the start (130-150s after the BAT trigger) of the WT XRT observation the satellite was still settling causing the target to move on the XRT CCD towards the dead columns at DETX=319-321 (Abbey et al. 2006) . In order to correct for the photon losses due to these dead columns we measured the offset of the source at each second and calculated a correction factor according to the losses of the WT mode Point Spread Function (PSF). After 150s after the trigger all WT mode data were corrected by the same factor. Source and Background photons were selected by XSELECT version 2.4 in boxes with a length of 40 pixel. For count rates > 150 counts s −1 , however, in the WT mode the data had to be corrected for pileup. In order to correct for pileup in the light curve and for the spectral analysis and the determination of the hardness ratio 1 we excluded the central regions of the PSF at the source position depending on the count rate as described in Romano et al. (2006) . For the PC mode data the source photons were selected in a circular region with a radius of r=59
′′ and the background photons in a circular region close by with a radius r=176 ′′ in the first segments. For the later data the radii were reduced to 47 ′′ and 24
′′
for the source, and 137 ′′ and 96 ′′ for the background. For the spectral data only events with grades 0-2 and 0-12 were selected with XSELECT for the WT and PC mode data, respectively. Note that the source photons for the spectral analysis of the PC mode data of the first orbit were selected in a ring with an inner radius of 16. ′′ 5 and an outer radius of 71.
′′ 0 in order to avoid the effects of pile-up (e.g. Pagani et al. 2006; Vaughan et al. 2006) . The spectral data were re-binned by using grppha version 3.0.0 having 20 photons per bin. The spectra were analyzed with XSPEC version 12.3.0 (Arnaud 1996) . The auxiliary response files were created by xrtmkarf and corrected using the exposure maps, and the standard response matrices swxwt0to2 20010101v008.rmf and swxpc0to12 20010101v008.rmf were used for the WT and PC mode data, respectively. All spectral fits were performed in the observed 0.3-10.0 keV energy band. For the errors of the spectral fit parameters we used the standard ∆χ 2 =2.7 in XSPEC, that is equivalent to a 90% confidence region for a single parameter.
Background-subtracted X-ray flux light curves in the 0.3-10.0 keV energy range of the Swift observations were constructed using the ESO Munich Image Data Analysis Software MIDAS (version 04Sep) and by an IDL program that corrects for PSF losses, in particular when the source is located on one of the dead columns on the XRT CCD detector. The light curve was binned as follows: the WT mode data with 1000 photons per bin, and the pc mode data with 200 counts per bin in the first days after the burst and 20 or 10 at the end of the observations. The count rates were converted into unabsorbed flux units using energy conversion factors (ECF) which were determined by calculating the count rates and the unabsorbed fluxes in the 0.3-10.0 keV energy band using XSPEC as described in Nousek et al. (2006) . The XRT data at the beginning of the observation show dramatic spectral changes and require specific ECFs for each time bin. The later data, however, do agree with a typical afterglow spectrum and the count rates were converted by one ECF=5×10 −11 ergs s
The Swift UVOT observations of GRB060729 began with the automated "GRB" sequence, which provided finding chart images in White (100 s) and V (400 s), then began cycling through all 6 UV and optical filters starting 739 s after the trigger. The source data of these early White and V images were extracted from a circle with a radius of 6 ′′ . GRB 060729 remained detectable in all 6 filters for more than 9 days after the trigger, then for 12 days after the trigger in UVW2 (λ c = 1930Å) and for 31 days after the trigger in UVW1 (λ c = 2510Å). During the first days after the burst each observation in each single orbit was analyzed. For the later data the images were coadded with uvotimsum in order to improve the signal to noise ratio. The data were analyzed with the UVOT software tool uvotsource. Due to the bright F3V star HD 45187 (9.4 mag in B, 107. ′′ 5 away from GRB 060729) extra caution had to be taken for the source extraction and the background subtraction. We chose a selection radius of 4 ′′ for the source and 8 ′′ for the background in all filters placed at a position nearby on the rim of the bright star's halo as displayed in Figure 1 . In order to correct for losses due to this small source extraction radius, we did an aperture correction with V=0.03 mag, B=0.05 mag, U=0.05 mag, UVW1=0.17 mag, UVM2(λ c = 2170Å)=0.15 mag, and UVW2=0.15 mag. All values plotted and listed in this paper take these corrections into account. The data, however, are not corrected for Galactic reddening, which is E B−V =0.050 mag (Schlegel et al. 1998) in the direction of the burst. GRB 060729 was also observed by XMM-Newton (Jansen et al. 2001 ) for a total of 61 ks (Schartel 2006; Campana & De Luca 2006) . XMM-Newton started observing the afterglow of GRB 060729 on 2006 July 30 07:41 (44.9 ks after the trigger) to 2006 July 31 01:04 UT (107.5 ks after the trigger). In the European Photon Imaging Camera (EPIC) pn (Strüder et al. 2001 ) the total observing time was 59.6 ks using the medium light blocking filter. However, due to high particle background during part of the observation only 42.3 ks were used. The observations in the EPIC MOS (Turner et al. 2001) were for a total observing time of 61.2 ks. The MOS1 was using the medium filter while the MOS2 observations were performed with the thin filter. The total observing time in the Reflection Grating Spectrometers (RGS; den Herder et al. 2001) was 61.5 ks. In the Optical Monitor (OM; Mason et al. 2001 ) the afterglow was observed for 8.3 ks in U, 5× 4 ks in UVW1, 3× 4 ks in UVM2, and 2× 4 ks with the optical grism. Note, that the OM UVW1 and UVM2 filters are slightly different compared with the UVOT UV filters. The XMM-Newton data were reduced with the latest SAS version xmmsas 20060628 1801-7.0.0.
3.
Data Analysis 3.1.
Position of the Afterglow
The position of the afterglow measured from the UVOT UVW1 coadded image is RA (J2000) = 06 h 21 m 31. s 86, Dec (J2000) = −62
• 22 ′ 12.
′′ 5 with a 1 ′′ error. This position is consistent with the initial analysis of the White and V filter analysis (Immler 2006 ′′ 5 90% confidence error), which was measured for the XRT PC mode data of segment 001 using the new teldef file swx20060402v001.teldef as described in Burrows et al. (2006a) . This position deviates by 3.
′′ 2 from the refined position given in . The most likely reason for this difference is that for the X-ray position given in only the PC mode data of the first orbit were used. This is due to the burst during the first orbit being placed on one of the bad columns on the XRT CCD which makes the determination of a position difficult. Figure 1 displays the UVW1 image of the field of GRB 060729. The circle in the upper right inserted image is the 3.
′′ 5 XRT error radius of the X-ray position given above.
BAT data
Figure 2 displays the BAT light curves in the 15-25 keV, 25-50 keV, 50-100 keV, and 15-100 keV bands (top to bottom) with T 0 = 2006 July 29 19:12:29 UT (Spacecraft clock 175893150.592). GRB 060729 had a T 90 =115s (Parsons et al. 2006) . Partly the T 90 is so long because the trigger was on the pre-cursor. After the initial first peak (pre-cursor) which was detected by the BAT and which triggered the observation the burst drops back down to the background level. However, two giant peaks are observed at about 60s after the trigger, of which the first one is harder than the second. There is a third peak which peaks about 120s after the trigger. This is the peak of which we see the end of the decay in the XRT (Figure 3 ). For the spectral analysis the BAT data were divided into 5 bins as listed in Table 1 . The first peak is the initial peak the BAT triggered on GRB 060729. As shown in Table 1, the following two peaks that occur between 70 and 124s after the burst are by a factor of 3 stronger than the initial peak. The two last peaks (124-190s after the burst, XRT flare 1 and 2 in Table 1 ) are also observed simultaneously in the XRT. These data will be discussed in the XRT section. Table 1 lists the results of the spectral analysis of the 5 peaks. All spectra were fitted by a single power law model. The initial peak has a hard spectrum with a 15-150 keV energy spectra index β 15−150keV =1.05
+0.42
−0.32 . The two strong peaks between 70-124s after the burst show an interesting spectral behavior. While the first of these peaks (70-88s after the burst) has a rather hard spectral slope with β 15−150keV =0.59±0.11, the second of these peaks (88-124s) was softer with β 15−150keV =0.90±0.11. The total fluence in the observed 15-150 keV band is 2.7×10 −6 ergs cm −2 (Parsons et al. 2006 ) and 7.2×10 −6 ergs cm −2 and 1.7×10 −5 ergs cm −2 in the rest-frame 1 keV -1 MeV and 1 keV -10 MeV bands, respectively, adding all BAT spectra together (Table 1 ) and assuming the same power law spectrum as in the 15-150 keV band without any break. With the redshift z=0.54 this converts into an isotropic energy in the rest-frame 1 keV -1 MeV and 1 keV -10 MeV band of E iso = 6.7 × 10 51 ergs and E iso = 1.6 × 10 52 ergs, respectively. Because we lack observations of the break energy E break and the γ-ray spectrum at higher energies by KonusWind the 1 keV -10 MeV band E iso value is an upper limit of the true isotropic energy. Figure 3 shows the combined BAT and XRT light curve. The light curve clearly shows that XRT began observing the GRB at the beginning of the fourth peak seen in the BAT. The combined BAT + XRT light curve was constructed as described in O'Brien et al. (2006) . Due to the dramatic spectral change within the three minutes of the WT observation, we applied an ECF for each individual bin assuming power law model corrected for absorption with the parameters listed in Table 2 . However, for the BAT data we applied only one ECF that reflects the main spectrum. Figure 4 displays the Swift XRT light curve, with WT mode data as triangles and PC mode data as crosses. The vertical dashed lines in the figure mark the start and end times of the XMM-Newton observations. The general behavior of the light curve can be described as follows: after the initial steep decay with a decay slope α 1 = 5.11±0.22 the light curve flattens at T break,1 = 530s±25s with a decay slope α 2 = 0.14±0.02. At T break,2 = 56.8 ks±10ks the light curve of the afterglow breaks again and continues decaying with a decay slope α 3 = 1.29±0.03. The definitions of the decay slopes follow the descriptions given in Nousek et al. (2006) and Zhang et al. (2006) . We do not detect a jet break even 125 days after the burst. The last 3σ detection of the X-ray afterglow was obtained between 2006 November 21 to December 01 with a total exposure time of 69.9 ks. The afterglow was still observed by Swift until December 27 for a total of 63.5 ks. However these observations were interrupted by several new bursts and at the end only a 3σ upper limit of 2.1×10 −14 ergs s −1 cm −2 could be obtained. It was dropped from the Swift schedule after 2006 December 27 because it was not detectable anymore with the XRT within a reasonable amount of observing time.
X-ray data

Temporal analysis
Spectral Analysis
Dramatic spectral change at the beginning In order to examine the spectral behavior in more detail, source and background spectra were created for each bin, except for the first 10 bins (T − T 0 =130-150 s). The WT mode data were divided into 21 bins with 1000 source photons in each bin. Because of the high count rate at the beginning of the observations we applied the method as described in Romano et al. (2006) to avoid the effects of pileup. However, this procedure reduced significantly the number of source photons in each single spectrum. We, therefore, combined two bins into one for bins 1+2, 3+4, 5+6, 7+8, and 9+10 to increase the signal to noise ratio.
Each of the 16 spectra were fitted by an absorbed single power law, blackbody plus power law, and a power law with exponential cutoff model. The results of these spectral fits are listed in Table 2 . Figure 5 shows plots of the WT mode data; from top to bottom the count rate, hardness ratio, the X-ray spectral slope β X from an absorbed single powerlaw fit with a free fit absorption column density N H , blackbody temperature kT (in keV) from the blackbody plus power law fit, the blackbody radius 2 R bb and the break energy E break of a power law with exponential cutoff model. The hardness ratio changes from HR=0.6 at the beginning of the observation to HR=−0.56 at the end, indicating a dramatic evolution in the X-ray spectrum within 2 minutes of observing time which translates into 1.3 minutes in the rest frame.
While the spectra during the first 20 s of the WT mode observation are well-fitted by a single power law model, after about 150s after the burst the data are better fit by a blackbody plus power law spectrum. For the absorbed power law fits, 2 The blackbody radii were derived for each bin from the relation L = 4πR 2 bb σT 4 , where σ is the Stefan-Boltzmannconstant all parameters were left free. We found that while the spectra at the beginning of the observation were rather hard with β X =1.5 and N H =4 × 10 21 cm −2 , the spectra became very soft with β X ∼3.0 and N H =1 × 10 21 cm −2 . Note that the absorption column density N H decreases while the energy spectral index β X becomes steeper -the opposite than what is expected if the spectral slope and the absorption column density were just linked in the fitting program. However, note that especially during the later bins, the spectra are not well fit by a single power law and do require more complicated models.
For the blackbody plus power law model, the absorption parameter was fixed to the Galactic value (4.82×10 20 cm −2 Dickey & Lockman 1990) and the hard energy spectral slope to β X =1.0. The blackbody temperature changes dramatically from kT =0.56 keV at the beginning of the XRT WT observation to 0.11 keV at the end, accompanied by an increase of the blackbody radius from 2.5×10 12 cm to 16×10 12 cm. Fitting the data with an absorbed blackbody plus power law model with the absorption column density at z=0 set to the Galactic value and at z=0.54 set to 1 × 10 21 cm −2 (see the discussion about the XMM-Newton spectral analysis) results in similar values for the temperature. The only differences are that the temperatures tend to be lower by 40 eV and the normalizations are higher.
The prompt emission of GRBs is often fitted by a Band function (Band et al. 1993) . We also tried a power law model with exponential cutoff, which is a surrogate for the Band model, which has the advantage of using fewer parameters than the Band model. In order to obtain better constraints we fixed the absorption column to the Galactic value. As listed in Table 2 , typically the power law model with exponential cutoff does not show improvements over the single power law or the blackbody plus power law models.
The change in the X-ray spectra is also displayed in Figure 6 which shows the spectra of bins # 1, 12, 14, and 21. Bin 12 is the bin before the small flare at 170s after the burst and bin 14 is the peak of that flare.
Later PC mode data
All PC mode data can be fitted by a power law model with a energy spectral slope β X =1.2 and an absorption column density of about 1.5×10 21 cm −2 . This absorption column density is significantly above the Galactic value . The intrinsic absorption column density at the redshift z=0.54 is 1.9±0.4×10
21 cm −2 . Table 3 lists the XRT PC mode observations at 20-40 ks after the burst and at 200 ks after the burst, so before and after the XMM observation. The fits to these data suggest no significant spectral variability before and after the break in the X-ray light curve around 60 ks after the burst.
The XMM-Newton observations
The combined spectra of the XMM-Newton EPIC pn and MOS and Swift XRT data are shown in Figure 7 . The XRT data were selected between 44900 s and 107500 s after the burst. The details of the spectral fits to these data are summarized in Table 3 . At these late times, the X-ray spectra were well fitted by absorbed single power law models. However, as a check the spectra were fitted also by a blackbody plus power law model, but at these late times the power law component dominates the spectra. Therefore, we will only discuss the absorbed power law model fits as listed in Table 3.
The obvious difference between the Swift XRT and XMM-Newton pn and MOS data is the much higher value of the absorption column density. From the free fit absorption column density at z=0 we measured an absorption column density N H =15.7×10 20 cm −2 in the Swift XRT data. This value is about twice as high as what is measured from the XMM-Newton EPIC pn and MOS spectra. The EPIC pn is well-calibrated to energies below 0.2 keV (e.g. Haberl et al. 2003) . We also applied the gain fit model within XSPEC, but it did not remove the discrepancy. This discrepancy maybe due to problems with the Swift XRT bias maps during the time period 2006 July 21 and 2006 August 3. This bias map problem causes an offset in the gain and therefore compromises the spectral analysis of Swift XRT PC mode data during that time period. However, this gain shift does not affect the early Swift XRT WT mode data. Due to the better response of the EPIC pn at lower energies we consider the absorption column densities measured by the EPIC pn the most reliable. With the redshift of the burst at z=0.54 we can also use the X-ray spectra to determine the intrinsic absorption column density at the location of the afterglow. The intrinsic column densities of all fits are in the order of 1 × 10 21 cm −2 , except for the Swift XRT data which again show an absorption column density about twice as high. As we will show later in section 3.5 the absorption column density of 1×10 21 cm −2 is in good agreement to what can be derived from the spectral energy distribution of the afterglow.
In addition to the EPIC pn and MOS data we also analyzed the 2 RGS spectra. We found that the analysis of the RGS continuum spectra agrees within the errors with the pn and MOS data. We did not find any obvious emission or absorption features in the RGS spectra.
UV/Optical data analysis
The magnitudes resulting from the UVOT data analysis are listed in Table 4 . Figure 8 shows the results of the UVOT photometry in comparison with the XRT. UVOT was able to follow the afterglow in all six filters up to 9 days after the burst. In UVW1 the afterglow was followed up 31 days after the burst which translates into 20 days in the rest-frame. This is one of the longest intervals Swift's UVOT has ever detected an afterglow in the optical/UV. Only GRBs 060218 ) and 060614 (Mangano et al. in preparation) were detected at slightly later observed times than GRB 060729.
In all bands, XRT as well as in all 6 UVOT filters, a significant break occurs in the light curve. Table 5 lists the decay slopes α 2 and α 3 before and after the break time T break . Within the errors all break times seem to occur at about 50 ks after the burst (33 ks in the rest-frame), with the earliest break in B at about 30ks and the later breaks at shorter wavelengths. However, considering the uncertainties in the decay slopes, this is all consistent with an achromatic break. Note that due to a rebrightening of the afterglow at about 20 ks seen in X-rays and all 6 UVOT filters the determination of α 2 is rather uncertain. In B the afterglow decays the slowest with α 3 =0.98. The decay slopes at shorter wavelengths are steeper with α 3 ≈=1.3. Note that the flatter slope in the B-Filter is caused by a re-brightening at about 200 ks that is not seen in the other filters. By limiting the analysis to data only up to 200ks the decay slope is α 3 =1.17±0.16 which is consistent with the decay slopes seen in the other filters. The rebrightening in B at about 200 ks after the burst seems to be real. We checked for any strong variability in the background but could not detected any strong background variation at that time. The decay slopes α 2 and α 3 are consistent with the decay slopes reported by Quimby & Rykoff (2006) and Cobb & Bailyn (2006) . Figure 9 displays the UVOT White and V and XRT light curves of the first orbit. The UVOT data of this period are listed in Table 6 . The left panel of Figure 9 displays the UVOT White filter event mode and XRT WT mode data. The UVOT White filter data were grouped into 10 s bins. The first UVOT White points show a decay similar to the XRT WT light curve. However after these few points the UVOT White light curve flattens, which agrees with the flare seen in the XRT data at 170s after the burst. At about 200s after the burst the afterglow starts to become brighter in the UVOT White, while it is still decaying in X-rays.
The right panel of Figure 9 shows the UVOT V event mode data and the XRT PC mode data of the first orbit. The UVOT V data were grouped in 25 s bins and the XRT PC mode data with 25 source photons per bin. The UVOT V light curve shows the afterglow fairly constant at about 17.5 mag while the XRT PC mode light curves shows an initial decay until about 600s and flattens after that.
The XMM-Newton Optical Monitor observations are summarized in Table 7 . While the U filter results agree well with the UVOT U data as listed in Table 4 , there is a discrepancy in the UVW1 and UVM2 filters. There maybe two explanations for this discrepancy: 1) The OM and UVOT UV filter sets have different filter transmission, 2) OM suffers from significantly higher level of scattered light than the UVOT, and third the extraction radius of the automated OM software is 12 ′′ which is too large for an accurate analysis of the UV data due to the bright star (see UVOT section). The brightening of the afterglow in the last OM UVM2 observation at 101 ks after the burst is most likely due to a bad subtraction of the background within the automatic OM data reduction software.
3.5.
Spectral Energy Distribution
As shown in section 3.4 the long-term light curves in all 6 UVOT filters and in X-rays do follow the same decay slope with similar break times at about 50 ks after the burst. In order to check this we determined spectral energy distributions (SEDs) of the afterglow at 800s, 20 ks, 100 ks, and 500 ks, with exposure times in the XRT of 400s, 1.8 ks, 3.3 ks, and 4.8 ks, respectively. Figure 10 displays these four SEDs. These times are also marked in Figure 8 . These times were picked to represent the SEDs of the earliest and latest time possible when the afterglow was detected in all 6 UVOT filters and shortly before and after the break. All fluxes in all 6 UVOT filters and the XRT were calculated according to the light curves. There seem to be no obvious changes in the SEDs, besides the changes in the fluxes, over time. Another measure of any changes in the SEDs over time is the optical/UV to Xray spectral slope or X-ray loudness 3 β ox . For the afterglow of GRB 060729 we measured restframe β ox of 0.85±0.10 at 800s, 0.84±0.05 at 20 ks, 0.74±0.07 at 100 ks, and 0.77±0.10 at 500 ks after the burst. Within the errors these values are consistent and do not suggest any changes between the optical/UV and X-ray parts of the SED over time after the first orbit. However, note that during the first ≈400s of data the SED changes dramatically, because the X-ray flux decays very fast (α x,1 =5.1 while the White and V data suggest that the optical afterglow is constant. A single power law spectrum between optical/UV and X-ray energies a β ox =1.1 is expected according to the fits to the X-ray data (Table 3) . This assumption of a single power law spectrum between the optical and X-rays is justified given that the optical has the same temporal behavior as the Xrays and that the optical and X-rays are both above the cooling frequency. The difference between the expected β ox =1.1 and the measured β ox ≈0.8 values suggests intrinsic reddening at the location of the afterglow. Based on the absorption corrected rest-frame 2 keV flux density we can calculate the expected flux density at restframe 2500Å. We calculated a reddening of 1.7 mag at rest-frame 2500Å which corresponds to an 3 The X-ray loudness is defined by Tananbaum et al. (1979) as βox=-0.384 log(f 2keV /f 2500Å ).
E B−V =0.34 mag. Applying the relation given by Diplas & Savage (1994) 4 we calculated an intrinsic column density N H,intr = 1.7×10 21 cm −2 . Considering that this is a rough estimate, this absorption column density agrees quite well with that measured from the XMM-Newton EPIC pn spectrum, N H,intr = 0.85 ± 0.02 × 10 21 cm −2 (Table 3) .
Discussion
The afterglow of GRB 060729 has been detected in X-rays by the Swift-XRT longer than any other Swift-detected burst, up to 125 days after the burst. Finally by the end of December we had to give up on observing this burst by Swift because it became too faint to be detectable anymore in the XRT detector. Even though the afterglow was dropped from the Swift observing schedule after 2006 December 27, we are still planning to obtain more observations with larger observatories such as Chandra, XMM-Newton, and Suzaku.
Light curves
The X-ray and UV/Optical light curves are remarkably similar. Not only that their decay slopes and break times are in good agreement (except for the B light curve), but they also seem to be synchronized during rebrightening phases, which can be seen best in the UVW2 light curve. In particular the re-brightening at about 15 ks after the burst clearly appears to be present in all 6 UVOT filters and in X-rays. Even though the break at around 50 ks after the burst seems to be achromatic, we do not consider this to be a jet break. The post-break decay slope α X,3 =1.29 is to shallow to be a jet break. If we interpret this slope as the post jet break slope, we would get p = 1.29, which is much flatter than the electron distribution index predicted by shock acceleration theory (usually p 2). Furthermore, if p = 1.29, one would expect the spectral slope β x = p/2 = 0.65 or β x = (p−1)/2 = 0.15 for a cooling frequency below or above the X-ray range respectively, which are obviously contrary to the observed spectral slope of β X =1.1 Most likely we have not seen the jet break in the afterglow of GRB 060729 because the afterglow has not been followed long enough as One of our main results is that the light curve of the afterglow does not yet show a jet break at 125 days after the burst (81 days in the rest frame). This is the longest period a GRB afterglow was ever followed and detected in X-rays, except for GRB 030329 which was followed 258 days after the burst by XMM-Newton (Tiengo et al. 2004 ). According to the relation given in Willingale et al. (2007) we would have expected to see a jet break at about 5.5×10 6 s after the burst. With an isotropic energy in the rest-frame 1 keV-10 MeV E iso = 1.6 × 10 52 ergs and the relations given by Sari et al. (1999) and Frail et al. (2001) , and the non-detection of a jet break up to 125 days after the burst, we derive that the opening angle of the jet has to be larger than 28
• , assuming a particle density n = 0.1cm −3 and an efficiency η γ =0.2. With β X =1.0 and α X =1.29 according to Table 2 in Zhang et al. (2006) we estimated an electron index slope p=2.3 for the ISM or wind case with ν > max(ν m , ν c ).
The afterglow of GRB 060729 is not only remarkable for its long follow-up observations in X-rays but also for its relatively late break time between the flat decay phase and the steepening phase (phases 2 and 3 according to Zhang et al. 2006; Nousek et al. 2006; Willingale et al. 2007 ) at about 53 ks after the burst, which converts to 35 ks in the rest frame. Typically the break between phases 2 and 3 occurs around 10 ks after the burst Willingale et al. 2007 ). The late time break at 35 ks after the burst (rest frame) requires a substantial ongoing injection of energy into the afterglow. In a matter of fact, when we observed this afterglow with Swift e at first did not detect a break in the light curve until about 2 days after the burst due to the lumpiness of this plateau phase. Also note that Willingale et al. (2007) list the break time in the X-ray light curve at 120 ks after the burst.
The relatively long time of this very flat decay (α x,2 = 0.14 ± 0.02) phase implies larger energy injection during the early time in this burst than in other bursts. This energy injection could be the result of a refreshed shock (Rees & Mészáros 1998) or continuous energy input from the central engine. Assume the energy injection has the form L(t) ∝ t −q , the light curve decay rate is
for ν X > max(ν m , ν c ) ). So we get q ≃ 0, and the total energy is increased by a factor of (T break,2 /T break,1 ) 1−q ∼ 100 during this energy injection phase, where T break,1 and T break,2 are the first and second break time of the x-ray light curve respectively. Such a large energy increase factor is the highest among the Swift-detected GRBs ). This may be part of the reason that we see a bright Xray afterglow for a very long time, besides that no jet break occurs before 125 days after the burst. The plateau phase of the X-ray afterglow of GRB 060729 is one of the longest ever observed by Swift. The total fluence in the 0.3-10.0 keV band of this plateau is about 1×10 −6 ergs cm −2 , which is about 1/3 of the total 15-150 keV fluence of the prompt emission. The q value (q = 0) inferred for this burst implies a pulsar type (i.e. magnetic dipole radiation) energy injection (e.g. Dai & Lu 1998; Zhang & Mészáros 2001) Using the X-ray luminosity L x = 2 × 10 46 ergs s −1 at t = 10 h, we estimate the isotropic kinetic energy at this time is E k,iso ∼ 2.5 × 10 53 (ǫ e /0.1) −1 ergs (Freedman & Waxman 2001; Zhang B. et al. 2007) , where ǫ e is the equipartition factor of electrons in afterglow shocks. Assuming the energy increasing factor 100 during the flat decay phase, the isotropic kinetic energy before the energy injection phase is only ∼ 2.5 × 10 51 (ǫ e /0.1) −1 ergs, implying a high efficiency of gamma-ray production during the prompt phase. Using the isotropic kinetic energy and the jet break time larger than 125 days after the burst, we get the jet opening angle larger than θ j 28
• n 1/8 −1 (Frail et al. 2001 ), where n −1 ≡ (n/0.1cm −3 ) is the number density of the circumburst ISM. From this, we further get the beam-corrected kinetic energy of the burst E k,j 1.7 × 10 52 ergs(ǫ e /0.1) −1 n 1/4 −1 . Such a larger kinetic energy than those in usual bursts may be a direct consequence of the unusually long energy injection phase in the early time.
Even though the X-ray and UV/optical afterglow of GRB 060729 was unusually bright, it was rather unspectacular in the BAT 15-150 keV energy range. The 15-150 keV fluence of 2.7×10 −6 ergs cm −2 (Parsons et al. 2006 ) is rather moderate compared to other Swift-discovered bursts. Also note, that the peak luminosity of GRB 060729 of about 3×10 50 ergs s −1 is very low for a long burst regarding the time lag between the 50-100 keV and 15-25 keV band as shown by Gehrels et al. (2006) . The observations of the X-ray and UV fields of GRB 060729 have been the deepest ever performed by Swift. In X-rays we observed the field for 1.13 Ms and for 550 ks each in UVW1 and UVW2. The UVW1 and UVW2 observations are the longest exposure that were taken of any field in the UV by any UV observatory. The results of this study and the source identifications based on their spectral energy distributions will be presented in a separate paper which is in preparation.
Spectra analysis of the early time data
During the XRT WT mode epoch of observations, two flares are detected. For the first X-ray flare, only the decay part is seen by the XRT. The decay rates after the peak of the flares are as steep as t −5 , pointing to internal central engine activity as the origin for the X-ray flares (Burrows et al. 2005b; Fan & Wei 2005; Zhang et al. 2006; Dai et al. 2006; Falcone et al. 2006; Wu et al. 2006; Wang et al. 2006; Lazzati & Perna 2006; Gao & Fan 2007) .
During 130-160 s (time bins from 1 to 11 in Table 2 ) and 190-300 s, the X-ray emission is undergoing a steep decay, which may result from the high-latitude emission of the corresponding flares (Kumar & Panaitescu 2000; Liang et al. 2006) , i.e. we see the curvature effect of the radiation pulse. In this picture, the count rate and the peak energy (kT or E break ) both decrease as the pulse decays. This is because less and less Doppler-boosted radiation is seen from the pulse. This accounts for the strong correlation between the count rate and the blackbody temperature kT (Spearman rank order correlation coefficient R S =0.96 with T S =11.8 and a probability of P< 10 −4 of a random distribution; linear correlation coefficient r l =0.95).
The WT data of the early afterglow observations showed a dramatic change in the X-ray spectrum within less than two minutes in the rest frame. Typically the spectra of the bins of the WT mode data can be fitted by a single absorbed power law or a black body plus power law model. The power law model shows that there is a decrease in the absorption column density by a factor of 4 from the beginning of the observation at 131 s after the burst to 300s after the burst. Such decreases in the absorption column density have been observed before in GRB afterglows, like e.g. in GRB 050712 (De Pasquale et al. 2006; Lazzati & Perna 2002) , but have been usually linked to a flattening of the X-ray spectral slope. This is typically an artifact of the spectral fitting routine, that may be due to the correlation between spectral parameters such as N H and β X . However, the situation in GRB 060729 is completely different. Here we observe not only a decreasing absorption column density N H , but also a steepening of the X-ray spectral slope β X , which is the opposite of what one expects if this is just an artifact of the fitting routine. Therefore we consider the decrease of the absorption column density to be real. There are two explanations for a decrease in the column density of a neutral absorber: 1) an expanding medium which results in a lower volume and column density and 2) ionization of the neutral gas. Both, the expansion and the ionization of the gas, happen after the explosion of the star. A softening of the X-ray spectrum during the initial decline has been commonly observed as reported by Zhang B.-B. et al. (2007) .
Alternatively the WT mode spectra can also be fitted with a black body plus power law model. In order to limit the number of free parameters the absorption column density parameter was set to the Galactic value. These fits show a decrease of the black body temperature from about 0.6 keV to about 0.1 keV from the beginning to the end of the WT observing period. Fixing the absorption column density to a value of 1 × 10 21 cm −2 , the value obtained at later times during the XMM observation, results in similar values for the blackbody temperature. From these fits the temperature tends to be slightly lower than when fixing the N H to the Galactic value. However, within the errors the results are consistent. The biggest influence the increase in the absorption column density has is on the normalization of the blackbody and power law components.
In the latter scenario, the thermal component is likely to be the photospheric emission from Xray flares. In the prompt GRB phase, we have seen the thermal emission from some bursts (e.g. Ryde et al. 2007) , which has been interpreted as the photospheric emission when the fireball becomes optically-thin (Mészáros & Rees 2000; Rees & Mészáros 2005; Thompson et al. 2007; Ramirez-Ruiz 2005; Pe'er et al. 2006) . Since Xray flares are believed to be the result of latetime central engine activity with radiation mechanism similar to the prompt phase, a photosphere component found in X-ray flares is reasonable. The thermal emission component discovered from GRB060729 also supports the internal origin of the X-ray flares, rather than external shocks. Let us examine the relation between the black body radius R bb derived from the spectral fitting and the photosphere radius R ph . For a relativistic moving source, the luminosity of the thermal component at the photospheric radius is
where T ′ is the photospheric temperature in the co-moving frame and Γ is the bulk Lorentz factor. As the usual fitting uses L = 4πR 2 bb σT 4 , we get R ph = ΓR bb by taking advantage of T = ΓT ′ . The fitted black body radii around the peak of the X-ray flares are a few times 10 12 cm. This means the photospheric radii of the two X-ray flares in GRB060729 are a few times of 10 12 Γ cm. The photospheric radius is very sensitive to the bulk Lorentz factor Γ of the fireball (Rees & Mészáros 2005 ) and a photospheric radius of 10 13 − 10 14 cm is reasonable if Γ of the X-ray flare is of the order of ten.
During the early steep decay phase, the bolometric flux (equivalent to the flux in XRT band if the peak energy located within the 0.3-10 keV range of the XRT) may decrease as F X (t) ∝ (t − t 0 ) −2 due to the curvature effect (Ryde & Petrosian 2002) , where t 0 is some reference time of the flare (Liang et al. 2006) , and the peak energy decays as (t − t 0 ) −1 . So if we fit the spectrum with the black body model (F X (t) ∝ T 4 R 2 bb ) all the time during the decay phase, we would expect that the black body radius increases with time as R bb ∝ (t − t 0 ). This may explain the apparent increase of the black body radius with time during the steep phase of the flares.
Conclusions and Summary
We studied the Swift and XMM-Newton observations of the afterglow of GRB 060729 and found:
• The light curve of the afterglow extends out to 125 days after the burst (81 days in the rest-frame) without showing any sign of a jet break. We estimated that the jet opening angle has to be larger than 28
• . This is the longest followup and detection of a GRB afterglow in X-rays ever performed, except for GRB 030329.
• The X-ray light curve can be generally described by an initial steep decay slope α 1 =5.1±0.2, a break time T break,1 =530±25 s, flat decay slope α 2 =0.14±0.02 with a break at T break,2 =56.8±10 ks, and a steep decay slope α 3 =1.29±0.03.
• The unusually long flat decay phase of the afterglow of GRB 060729 implies a much larger energy injection than seen in any other GRB afterglow.
• After the initial phase, the light curves in Xrays as well as in all 6 UVOT filters follow the same shape.
• In the initial phase the afterglow shows a dramatic change in its X-ray spectrum which can either be described by a steepening of a power law spectrum with a simultaneous decrease in the intrinsic column density, or a decrease in the black body temperature from 0.6 keV at 130s after the burst to 0.1 keV at 250s observed after the burst.
• The spectral analysis of the Swift XRT PC mode and XMM-Newton EPIC pn and MOS data shows that the X-ray spectrum of the afterglow agrees with an absorbed power law with β X =1.1 and an intrinsic column density N H,intr = 1 × 10 21 cm −2 .
• The reddening and intrinsic column density estimated from the spectral energy distribution agrees well with the value found from the XMM-Newton analysis.
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1 XMM observed the afterglow between 44.9-107.5 ks after the burst.
2 The column density NH at z=0 is given in units of 10 20 cm −2 .
3 Intrinsic column density NH,intr at the redshift of the burst, z=0.54, is given in units of 10 20 cm −2 . The absorption column density at z=0 is set to the Galactic value, 4.82×10 20 cm −2 . The panels display from the top to the bottom the XRT count rate (in units of counts s −1 ), the hardness ratio (see text for definition), the X-ray spectral slope β X of a single power law fit, the free fit column density N H in units of 10 21 cm −2 , the blackbody temperature kT, the blackbody radius R bb (in units of 10 12 cm), and the cut off energy E break of a power law with exponential cutoff. All these fit parameters are listed in Table 2 . The numbers in the top panel mark the bins that were used for the spectra shown in Figure 6 . Table 2 . The numbers refer to the bins as shown in Figure 5 . 20 cm −2 and β X =1.08, as listed in Table 3 , to the XMM-Newton EPIC pn (black filled circles), MOS1 (red open squares), MOS2 (green open circles), and Swift XRT PC mode(blue filled squares) spectra. The Swift XRT data were selected between 44.9 ks to 107.5 ks after the burst, simultaneous with the XMM-Newton observation. Table 4 . The vertical lines mark the times when the spectral energy distributions of the afterglow were determined as shown in Figure 10 . , and 500 ks (lower right). The UVOT photometry data are corrected for Galactic reddening (E B−V =0.050 Schlegel et al. 1998) . Table 6 List of the Swift UVOT White and V observations during the first orbit as shown in Figure 9 .
